In anaesthesia there are two areas where a scientific outlook may give way to a lack of sound reason. Both concern the exposure of human subjects to anaesthetic agents, particularly halothane, and the literature generally refers to these problems as "operating theatre pollution" and "post-anaesthetic hepatitis" or "halothane jaundice".
There is an increasing number of accounts suggesting that the chronic exposure of surgical staff to trace concentrations of anaesthetic agents may constitute a hazard (Leading Articles, 1972a , b, 1973 Grimmeisen, 1973) . Controversy over post-anaesthetic hepatitis sometimes relates to the development of the condition in patients who have not knowingly been given multiple doses of volatile anaesthetic agents (Simpson, Strunin and Walton, 1974) and the connection of this problem with operating theatre pollution may not be apparent. However, it has been established that patients may be exposed to halothane retained in anaesthetic machine circuits (Murray and Fleming, 1972) and such equipment may deliver anaesthetic agents inadvertently (Robinson, Thompson and Barratt, 1974) . Solutions to the problems demand an adequate data-base on which decision and control actions can be taken, and fundamental to these data is the development and use of reliable analytical methods. Thus, investigations of theatre pollution and post-anaesthetic hepatitis may be related by the common factor that involves the measurement of human exposure to low concentrations of anaesthetic agents.
With theatre pollution, much of the evidence of a hazard has been epidemiological in nature and has involved comparisons between surgical staff and other members of the medical and para-medical professions. It is the contention of this paper that much of the work to assess the amounts of contamination is wanting and the purpose of this communication is to set out the criteria to be satisfied before conclusions can safely be drawn about the extent and consequences of contamination by anaesthetic agents. Without adequate reliability it is not possible to assess when improvements have occurred.
Trace analysis of volatile anaesthetic agents
The trace analysis of anaesthetic agents at subanaesthetic concentrations has not been studied to any great extent. One of the first considerations is to select and to modify any analytical method to give the relevant information. There is a great diversity of methods available, but the ideal technique should allow the rapid, simultaneous and accurate separation and analysis of the individual members of multicomponent mixtures of gases and vapours. The technique should be simple in operation and preferably should require inexpensive equipment while offering adequate selectivity and sensitivity. Gas chromatography appears to fulfil all of these criteria and is eminently suitable owing to the volatile nature of the compounds of interest.
It is unfortunate that so many of the publications on applications of gas chromatography to anaesthetic practice have contained insufficient experimental information to allow an assessment of the reliability of a procedure or even to reproduce the method. As the authors of such papers have so often been concerned with the speed of analysis, it is surprising to find significant omissions in experimental detail. Indeed, it is not unknown for the most important part of the equipment, the column, to be unspecified. However, with suitable attention to the parameters, the gas chromatographic method can be very rapid and analysis times as short as 5 sec for the separation of various anaesthetic agents from air have been reported (Cheneau and Guiochon, 1963) .
The peculiar nature of a pollution problem determines the most suitable approach to the monitoring survey. Periodic sampling is useful for correlating the sampling results with time or with events that occur at certain times. Peak and average values can be obtained from such data, while cumulative values can be obtained by summation of the instantaneous measurements. An inherent disadvantage of a gas chromatographic system is the need for the injection of discrete samples, but the possibility of short analysis times allows analyses to be repeated at frequent intervals.
A useful gas chromatographic monitoring system for operating theatre atmosphere uses an automatic, semi-continuous procedure, that is successive individual determinations. Such a system is represented diagrammatically in figure 1 and the various functions will be discussed. 
Sensitivity
Sensitivity is a measure of the smallest amount of material that can be determined with certainty and with gas chromatography it is chiefly the detector that decides this sensitivity and, indeed, the selectivity of the response. The thermal conductivity cell or katharometer offers an almost universal response, but lacks sensitivity for trace analysis. Increased sensitivity is given by flame ionization detection, which is probably used most widely in analytical work.
However, the most sensitive detector for compounds containing electronegative elements is the electron capture detector. The response is selective, being negligible to hydrocarbons but very great to halogenated compounds, including the volatile anaesthetic agents. Clemons and Altshuller (1966) examined the response of an electron capture detector to many halogenated compounds including halothane, but a most convincing demonstration of the relative sensitivities of various detector systems was given by Stewart and colleagues (1963) . These authors showed that electron capture detection gave a positive response to trichloroethylene in expired air for 330 hr following exposure, whereas a flame ionization detector gave no response after 48 hr. In contrast to the sensitivity of these gas chromatographic detectors, non-dispersive infra-red analysis gave no response after 36 hr.
The electron capture detector has an inherent nonlinear response (Wentworth, Chen and Lovelock, 1966) , but recent improvements (Maggs et al., 1971) have extended the linear dynamic range and made the system more attractive for routine use. A typical chromatogram of the expired air from an anaesthetist is presented in figure 2 . The sample concentration was equivalent to halothane 22 ;xg in 1 litre of air and trichloroethylene 3.2 y.g in 1 litre of air; the sample size was 10 fxlitre. This corresponded to a sample of halothane 220 pg and trichloroethylene 32 pg. The conditions for the analysis are shown in the legend to figure 2, which was obtained using the system shown in figure 1 and which incorporates one of the latest electron capture detectors (Hewlett Packard Model 5713 Gas Chromatograph). Under the same analytical conditions it was possible to detect halothane 3-4 ng/litre of air with ease. The rapid return of the signal to the base-line, the absence of zero drift and the low signal-to-noise ratio make the system most attractive for the study of trace contamination of air by compounds such as halothane and trichloroethylene. High sensitivity is essential because it is not known at what concentration it is necessary to limit the need for measurement. The precision with which measurements are made must also be such that one can distinguish any changes in the distribution of concentrations at each sampling point, caused by the use of scavengers or changes in ventilation. In any attempt to establish threshold limit values for exposure of operating theatre personnel to halothane or nitrous oxide, for example, the use of an analytical method, capable of high precision, limits the uncertainty in the threshold value solely to the biological variability of the experimental subjects. (Israel, 1967) . The range of concentrations encountered so far is up to 7000 p.p.m. (presumed v/v) (Linde and Bruce, 1969; Askrog and Petersen, 1970; Yanagida et al., 1974) . The separation of nitrous oxide and halothane in air is illustrated in figure 3 , together with the conditions used for the analysis.
Sampling
In any method of analysis for trace compounds, great care must be taken to avoid losses or contamination of the sample. Syringe sampling is still used Assuming that the limit concentration should be about 10% of the toxicant concentration which can be established as causing serious damage (Leithe, 1971) , then, for example when studying trichloroethylene distributions in operating theatre air, the method should be capable of detecting less than 53.5 Ltg in 1 litre of air. Trichloroethylene is the only volatile halogenated anaesthetic agent in widespread use for which an industrial "threshold limit value" exists (H.M. Factory Inspectorate, 1972) .
The detection and measurement of nitrous oxide using the electron capture detector have not been considered previously, but the detector is sufficiently sensitive to detect 10 p. commonly despite the inherent difficulties which include the prevention of leaks and the avoidance of losses into lubricant or plastics. Linde and Bruce (1969) sampled environmental air in glass syringes and portions of the samples were analysed for halothane by gas chromatography. No data were published to support the analytical methods used in the work, and even the gas chromatographic detector was not mentioned specifically. Expired air samples were obtained by aspiration through a plastic catheter. Several years previously, this technique was considered inadvisable by Munsen and Eger (1965) who were examining the problem in connection with the work of Holaday, Garfield and Ginsberg, (1965) . Hallen, Ehrner-Samuel and Thomason (1970) carried out a more extensive investigation of theatre contamination. Room air was sampled in polyvinylidene chloride bags, a technique which is of questionable value because of the solubility of organic vapours in such amorphous polymers. Eger, Larson and Severinghaus (1962) and Eger and Brandstater (1963) have examined the solubility of volatile anaesthetic agents in several materials. This can account for severe losses of the agents during sampling. If polymeric materials must be used, only nylon or terylene can be regarded as reasonably reliable.
Recently, Strunin, Strunin and Mallios (1973) sampled air into grease-free glass syringes and analysed the samples by unspecified gas chromatographic conditions. The data were not sufficiently informative of the extent of air pollution during outpatient dental anaesthesia. This is particularly so because it appears that peak concentrations were sought by the subjective method of sampling at the same time in successive dental operations. Corbett (1973) introduced uncertainties by subjecting his samples to three doubtful sample-handling procedures with high risks of losses.
Gelbicova-Ruzickova, Novak and Janak (1972) described a concentration method for the estimation of the pollution of theatre air by halothane, which was retained in tubes containing a suitable packing material through which the air was drawn; the trapped material was analysed subsequently by gas chromatography. The method would not give instantaneous maxima but only cumulative total amounts of halothane. However, it may be shown eventually that such data are more important than instantaneous maxima.
There have been other reports of pollution studies of surgical environments, but the present communication is not intended to give an exhaustive review. It is sufficient to stress the need to study the literature before commencing a programme of work.
The continuously operating, automatic system shown in figure 1 incorporates many desirable features that overcome several disadvantages of earlier work. In this system, air is drawn slowly (0.5 litre/ min) from a sampling point through a small diameter nylon hose (&in o.d.) to a slide valve. Samples of this air stream are injected into the gas chromatograph by means of the slide valve, the volume of the sample depending on the sensitivity of the detector system to the component of interest and the level of contamination to be studied. The high sensitivity of the electron capture detector to the halogenated anaesthetic agents enables the sample volume to be as small as 10 [zlitre, as discussed previously. The pump is situated in the sampling line, after the slide valve, to avoid any contamination from oil in the pump. Air was drawn continuously through a nylon hose for 5 min before a sample was injected into the gas chromatograph. A maximum of 10 such hoses was connected to the analyser control unit through solenoid valves so that samples could be taken sequentially as desired from fixed points in the theatre. As one sample was being analysed, so the next sample line was purged with the next sample. Air sampling in this way ensured minimal disturbance of the normal flow patterns of the air in the region of sampling.
Gordh and colleagues (1964) continuously sampled the output of a vaporizer by introducing a gas flow through a Teflon tube from a respirator which was fitted on the anaesthetic machine. Apparently no attempt was made to check the retention of halothane in the Teflon sampling tube, so the results are questionable. In the present work, extended examination showed that during normal use no adsorption losses occurred in the sampling system and consequently no desorption errors were introduced in the measurements. Blank values were consistently low (see below) and were greatest when percentage concentrations of an anaesthetic were analysed, as in the output of a vaporizer. It must be remembered that the system was not intended for measuring such high values, but even in these extreme cases the blank values were usually less than 1000 times smaller than the sample concentration.
The method of sampling and analysis must be capable of measuring the exposure of subjects to contaminants of their environment. There is an increasing awareness that air quality measurements from fixed sites provide a relatively poor description of the true exposure of a human subject because monitoring stations are not necessarily located where people are exposed to the highest concentrations or even to low concentrations. The present system is eminently suitable for both fixed point and personal exposure monitoring. In the latter application, a sampling tube is attached at chest level on a subject who retains complete mobility; personnel monitored in this way have been able to move in and out of a theatre at will.
The complete control system (Jones Chromatography, Colliery Road, Llanbradach, Glamorgan) includes facilities for programmed attenuation changes within one analysis cycle as well as automatic attenuation to accommodate peak concentration measurements. Even excluding the high sensitivity of the chromatographic detector, such a monitoring system has many advantages. There is an obvious reduction in personnel needed to carry out the work and operator error may be eliminated. In addition there is the possibility of obtaining objective results; measurements can be made over a long period of time and sampling occurs irrespective of the theatre routine. One advantage of paramount importance is that there are no difficulties in sampling or transferring the sample from the sampling site to the place of analysis. However, although some work may be reduced, considerable effort may be needed for installation, maintenance and calibration.
Standardization
It is not enough merely to be able to detect with ease trace contaminants such as halothane, trichloroethylene and methoxyflurane. A number of other criteria must be satisfied before any confidence can be placed in the results obtained. Reliable standardization is probably of greatest importance. Many methods of preparing standards for calibration are available and they vary considerably in their accuracy, reliability, repeatability, ease of operation, range and cost.
Gas mixtures may be prepared by static methods, which furnish a limited supply of the required standard at a given time, or by dynamic methods which provide almost unlimited supplies of a mixture. A commonly used static method involves introducing measured volumes of the components into plastic bags or into evacuated vessels. Low concentration mixtures may be produced by serial dilution in which a portion of the original mixture is diluted repeatedly until the desired concentration is obtained. Serial dilution is subject to dilution errors which increase with the number of dilution steps; the propagation of such errors is discussed in Appendix A.
Static systems are also subject to errors from contamination, adsorption or leakage. The solubility of organic vapours in polymeric materials must also be considered as a source of error when samples are prepared in plastic bags.
Large volumes of standard gas mixtures can be produced by dynamic systems, which are subject to less serious adsorption losses because an equilibrium is eventually reached between the gaseous phase and the adsorbing surfaces. Hill (1961) has pointed out that great care must be exercised with the flow system to achieve steady flows. Moreover, imperfect mixing can result from laminar, flow which may lead to stratification. Gaseous mixtures of many organic vapours, including halothane, were prepared by O' Keefe and Ortman (1966) , but a standardization technique that seems to be highly suitable for anaesthetic agents involves the process of controlled diffusion of vapour from liquid in a capillary tube (Barratt, Jones and Thompson, 1975) . This method is very flexible for the production of calibration standards which are accurate and reproducible from laboratory to laboratory. Indeed, it is most important that standards are comparable between laboratories if collaborative results are to be meaningful. The combined system of the diffusion dilution cell and gas chromatographic analyser had a coefficient of variation of + 2.6%; the major contribution to this is likely to be from the gas chromatograph.
Secondary standards for trace analysis of vapours in gases are useful for the routine verification of response stability and can be compared at regular intervals with the output of the primary standard method such as the diffusion apparatus. The secondary standards must be prepared, stored and sampled in such a way that losses or contamination do not occur. This is particularly important as these standards are the ones most likely to be used in situations where contamination is possible. One example of a secondary standard involves the gravimetric preparation of solutions of volatile anaesthetic agents in a suitable solvent such as M-hexane. Subsequent dilution to the required concentration is subject to error propagation (Appendix A), but will be less serious than for gases because liquids are measured more easily. A standard solution can be stored without loss in an inverted bottle sealed with a silicone rubber cap from which the sample is isolated by a mercury seal (Nelson, Emanuelson and Brooks, 1965) . The validity of using liquid standards in the analysis of gaseous samples can be demonstrated with gaseous samples from a diffusion cell; the injection of the same amount of halothane gives the same chromatographic response whether the sample is a liquid or a gas (Barratt, Jones and Thompson, 1975) .
Data presentation
Once the analyses are complete, there remains the problem of presenting the data in the most useful form. It is likely that the raw data can furnish the greatest amount of information, but they can be cumbersome.
In most papers concerned with anaesthetic vapour contamination, the authors seem reluctant to give rigorous and accurate definitions of the units of concentration which they use. There is some discussion of the problems involved following a paper by Purves (1969) , while Schulze, Kastner and Lange (1969) and Gelbicova-Ruzickova, Novak and Janak (1972) gave such definitions.
Confusion arises when concentration data are quoted in parts per million (p.p.m.) or related units when no indication is given of the nature of the proportional units. In air pollution studies, p.p.m. is commonly assumed to refer to a volume ratio, but the assumption cannot be recommended particularly when vapours (non-ideal gases) are considered. A frequently used S.I. unit for air pollution studies is ing m~3 (Katz, 1969) , which is equivalent to jig/litre. As will be demonstrated in Appendix B, the meaning of p. (table I) . If these values were very reliable, the concentrations would be closer than those shown. In the light of this experience, surely the conversion of data to p.p.m. (v/v) for non-ideality cannot be recommended until reliable data of physical properties are published. Accurate second virial coefficient data appear to exist for halothane only (Bottomley and Sieflow, 1963) . Such data can enable reliable vapour concentrations to be obtained. However, there seems little point in taking the trouble to calculate such values from g/litre data unless all data published in the anaesthetic literature giving p.p.m. (v/v) are subject to the same strict editorial scrutiny in this respect.
The use of p.p.m. (w/w) is acceptable provided that the temperature and pressure of the sampled gas are known with reasonable accuracy. The main objection to this concentration term is its unfarniliarity to most workers in the specialty of anaesthesia.
The units p.p.m. (w/v) and p.p.m. (v/w) are not correct dimensionally, because the purpose of the p.p.m. ratio is to obtain a dimensionless number from the ratio of two numbers of the same dimensions. The use of such units for expressing concentrations in blood, urine or water may be acceptable as the errors arising from the interchange of gram and millilitre are not very great. However, it may be confusing to consider p.p.m. concentrations in blood and gas samples in the same context. Consequently, there can be little doubt that the best method of expressing concentrations of anaesthetic agents, particularly at low concentrations, involves units of g/litre or its derivatives.
The apparatus described in this communication can generate a large volume of data which can be treated statistically in many ways which are outside the scope of this present report. It is sufficient to point out that the use of average values and ranges can be inadequate and may be misleading. To illustrate this point, consider a simple treatment of data from an outpatient dental theatre. The overall distribution of all non-zero measurements made during a period of about 3 months is shown in figure 4 . The sampling points were distributed throughout the theatre. While a median value and a range could be given for the data, these would not illustrate the important fact that the most likely level of contamination would be at a low concentration.
The facility for personal exposure monitoring can also provide useful data as shown in figure 5. In this respect it is useful to relate the exposure level to the activity of the subject and for this purpose a record of events within the theatre is essential. Figure 5 relates the exposure concentration of an anaesthetist to the maximum delivered concentration of halothane given to each patient, but many other parameters can be included in the record. A full report of these data will be published later.
Other factors for consideration include the pattern of air movement within the theatre (Hutton and Thompson, 1975) and scavenging devices. In addition, investigations of the effects of exposure to anaesthetic agents on performance skills may be important in assessing the pertinence of air and blood concentrations of anaesthetic agents (Salvini, Binaschi and Riva, 1971; Bruce, Bach and Arbitt, 1974) . 
CONCLUSIONS
This report highlights some of the deficiencies in studies on operating theatre contamination and, indeed, other measurements of low concentrations of anaesthetic agents in air. Decisions on the most suitable remedial action can be taken only on the basis of sound data which require standardized methodology and a standard method of presenting the data so obtained. Without such uniformity, it is not even possible to detect improvements in the environment. However, relating any adverse effects to the presence of contaminants would be foolish without considering the whole environment. This means that all contaminants must be measured, preferably simultaneously, to allow for synergistic or antagonistic effects. Even then, any harmful effects may be a product of an environment of high mental stress. Finally, it is essential to evaluate the benefits of a particular agent as well as its hazards, which in this instance remain unproven. Let the symbols to be used be defined as follows: C o is the concentration of contaminant in volume, V Q , of gas; V x is the volume added to V a to dilute the contaminant; A prefixed to any symbol represents the error in that variable; Cjis the concentration of contaminant after the first dilution; C 2 is the concentration after the second dilution; Subscript n represents the nth dilution.
The error in the preparation of the initial concentration, C o , of contaminant in the gas is AC 0 and the volume of this gas used in the initial dilution is V±AV 0 . The concentration, C u after the first dilution is given by: ideal gas value based on specific volume based on specific gravity Bottomley and Sieflow (1963) have published accurate data on the vapour pressure, vapour density and second virial coefficients of halothane over a range of temperatures. They assume that halothane obeys the following non-ideal gas equation:
PV = nRT+nBP
where P is the partial pressure in atmospheres of a volume (V litre) of halothane vapour (n mole) at a temperature, T K, with R the gas constant (litre atm/mole °K), and B is the temperature-dependent second virial coefficient (litre/mole). For a given concentration of halothane in say g/litre, an accurate value of p.p.m. (v/v) may be calculated by an indirect procedure using the second virial coefficient data of Bottomley and Sieflow (1963) , providing that the original temperature of the gas sample is known. The following steps are involved: (i) Calculate the partial pressure of the vapour from the concentration (g/litre) and from the temperature:
M-BC
where M is the molecular weight of halothane and C is the concentration.
(ii) Calculate the volume, V 2 , occupied at the atmospheric pressure, p 2 , as calculated in (i) above y^P^+nBto-PO PT. where n is the number of moles of vapour in the original volume of sample, V x , at P 1 and T.
For 100 (/.g/litre halothane in air at 20 °C and 1 atmosphere total pressure, this gives a value of 11.19 p.p.m. (v/v), which is 92.5% of the ideal gas value.
